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Abstract
We had successfully prepared the microwave assisted lotus shaped Ag@AgCl/ZnO nanocomposite (NC) of size 57.72 nm, 
in aqueous media at 90 °C for 7 min heating. The conventional single pot refluxing method was also used to prepare NCs 
with spherical shaped nanoparticles of size 59.12 nm at 90 °C heating for 3 h. X-ray diffraction data of the Ag@AgCl/ZnO 
NCs synthesized by the both methods, confirmed that the nanocomposite crystallized in three phases i.e. face-centered 
cubic (AgCl), cubic (nanosilver) and wurtzite hexagonal phase (ZnO). Energy dispersive X-rays corresponding to the 
electron microscopy analysis with their elemental mapping, envisioned the surface morphology and elemental compo-
sition i.e., 19% ZnO, 13.79% AgCl, 8.08% Zn and 26.19% Ag in the NC. The Ag@AgCl/ZnO NCs exhibited the visible light 
harvesting ability with band gap i.e. 3.02 and 2.96 eV with SURS selfsensitization of AgCl. Conventionally made sample 
and microwave assisted sample emits green and yellow-photoluminescence emissions, respectively. FTIR spectra at dif-
ferent stages of the formation of the nanocomposites, visualized the gradual changes in bonding positions of NCs. We 
utilized this molecular system as an efficient visible-light harvesting optical devices for water splitting. Conventionally 
and microwave assisted Ag@AgCl/ZnO samples, librated 6082.9 and 6782.32 μmol  H2 h−1 g−1, optimum hydrogen in 8 h, 
respectively, through photocatalytic water splitting under AM 1.5G irradiation.
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1 Introduction

World had eventually witnessed the ecosystem degrada-
tion and political hostility on energy lines, which is a mat-
ter of prime global concern. Therefore, we all are looking 
forward to the clean energy sources that can be replaced 
with the present conventional energy sources (as a fuel 
or energy carrier) and save environment. Hydrogen rated 
as the best option on its fuel merits i.e. high energy den-
sity (142 kJ/kg), high heating value (52,000 Btu/lb), high 
auto ignition temperature (585 °C), high fuel efficiency 
(75%) and widest range of flammability (4–75%), etc. In 
contrast to the current hydrogen generation practices 
(steam reforming of methane), the use of solar energy 
and carbon-less fuel i.e. water along with a suitable pho-
tocatalyst, is an eco-benign way of hydrogen produc-
tion. A wide variety of photocatalytic materials (oxides, 
sulfides, nitrides, nanocomposites, etc.) are tested for 
hydrogen generation via water spitting. Unfortunately, 
most of them failed on the criteria of stability (in water 
and light), cost and efficiency (> 10%), simultaneously. Out 
of these classes nanocomposite is the least studied class. 
Therefore, we had choosen to work on nanocomposites. 
Few of the prominently studied nanocomposite systems 
are: modified graphenes [1–5], CdS/Au/g-C3N4 [6], CuS/
TiO2 [7],  NiOx (Ni/NiO)@ calcium tantalite [8], Ag/AgCl@
ZnO [9–13], etc. Recently, silver halides based plasmonic 
nanoparticles (NPs) have been attracted the attention as a 
superb class of nanocomposites (NCs) that used for visible-
light-harvesting device [9–13]. Although, due to instability 
under sunlight [14], silver halides AgX were seldom used 
as photocatalysts. However, Kakuta et al. [15] studied the 
 Ag0 supported AgBr dispersed on a silica that used for 
continuous  H2 production (1.00 mmol h−1 g−1 after 2 h) 
in 20% aqueous  CH3OH (as hole scavenger). They had 
observed that Ag NPs deposited on AgBr, supported by 
silica are not destroyed under successive UV/Vis illumina-
tion till 200 h, thus assembly Ag/AgBr on silica, was able 
to act as a stable photocatalyst under visible light, and 
inspired to synthesized the first visible-light plasmonic 
photocatalyst Ag@AgCl. Moreover, Schürch et  al. [16] 
proved that the AgCl deposited on a conducting support 
(Au coated FTO) was used to photocatalyse the water for 
 O2 production (160 nmol h−1) in the presence of silver ions 
(as electron scavenger), under UV/Vis light exposure. Simi-
larly, 3D-hierarchical superstructures, concave cubes, and 
cubes of AgCl, were used as photocatalyst for  O2 genera-
tion via water splitting with their activity are 254 mmol g−1 

for hierarchical superstructures, 187 mmol g−1 of concave 
cubic AgCl and 136 mmol g−1 of cubic AgCl in 5 h [17]. The 
photoactivity of AgCl in presence of  Ag+ ions, extended 
from the UV to the visible light region under the process 
known as self-sensitization, [18, 19] which is due to the 
formation of silver species during the photoreaction, as 
follows (Eqs. 1–7):

Equations (1) to (7), had been experimentally and theo-
retically analyzed [18, 19]. The comparison of experimen-
tal and calculated values for the ionization energy for dif-
ferent sized Ag clusters shows that Ag levels are located 
below the conduction band edge of AgCl. Additional AgCl 
surface states (SURS), as well as metal induced gap states 
(MIGS) from Ag/AgCl cluster composites are also present 
in the band gap region of silver chloride that induced the 
self-sensitization in AgCl [20–23]. Therefore, Ag/AgX on 
variety of support can be used as good photocatalytic 
system (Table 1). 

Some of the notable nanocomposite plasmonic materi-
als are Ag@AgBr [24], Au/TiO2 [25], gold/layered double 
hydroxides [26], Ag/AgCl/ZnO [27], Ag embedded  TiO2 
[28], Au/ZnO NRs [29], graphene oxide (GO) enwrapped 
Ag/AgX (X = Cl, Br) [30], Ag/AgBr@TiO2 [31], Ag/AgCl@
H2WO4·3H2O [32], AgBr/WO3 [33], and Ag/ZnO nanorods 
(NRs) [34], which can act as a good plasmonic nanocom-
posites, as shown in Table 1. Most of the above molecular 
devices had been used to degraded dye/organic pollutants 
(methylene blue, methyl orange, VOCs, ethanol/methanol) 
and only few of the composite plasmonics, were used to 
produce hydrogen such as gold/layered double hydrox-
ides (127 μmol h−1 for Au/ZnAlCeLDH and 94 μmol h−1 of 
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 H2 for Au/ZnAlLDH) [26], Ag/ZnONRs (8.7 μmol h−1 of  H2 by 
Ag/ZnO and 4.3 μmol h−1 of  H2 by ZnO) [34]. In this direc-
tion, several advance synthesis methods such as: ultrasonic 
assisted deposition–precipitation method [35], ployol 
process [36, 37], reconstruction process [38], single pot 
refluxing [27], ionic liquids-assisted hydrothermal method 
[39], etc., had been used to prepare NCs. Microwave (MW) 
assisted synthesis is one of the eco-friendly method for 
molecular assemblies fabrication, where MW-heating pro-
vided faster and uniform heating profile than the conven-
tional thermal heating. Therefore, MW assisted-synthesis 
leads not only homogenous nucleation but also accelerate 
the reaction rate, improve yield, shorten the reaction time, 
produce small sized particle of high purity with narrow 
particle size distribution, and improve physicochemical 

properties [40]. Some notable materials such as  SnO2 
[41], ZnO [42], Ag [43], Pt [44], CuS [45], etc., were fabri-
cated using MW assisted synthesis. But the record was not 
found for MW assisted synthesis of the Ag@AgCl/ZnO NC. 
Therefore, we employed the MW assisted synthesis first 
time for NCs preparation that consist of plasmonic silver 
NPs embedded in ZnO and AgCl matrix, which was used 
for water splitting to generate hydrogen. Conventional 
one pot refluxing method was also used to synthesize 
the Ag@AgCl/ZnO NC [27] in aqueous medium. Under 
the sunlight exposure, ZnO and AgCl generates photo-
electrons and -holes and AgCl (with expanded CB energy 
levels) plays an important role of polar carrier for electron-
transport from plasmonic material (Ag NPs) to ZnO and 
whole assembly become capable to harvest visible light, 

Table 1  Some state-of-art plasmonic catalyst supported systems for hydrogen generation

Sl. no. Plasmonic material 
supported photo-
catalyst

Light source Conditions for  H2 
generation

Amount of  H2 
generation 
μ mol H2 h−1 g−1

Amount of  O2 
generation 
μ mol O2 h−1 g−1

Year Research group 
[Reference No.]

1 Ag0 supported-AgBr 
dispersed on silica-
dioxide support

100 W high-pressure 
Hg lamp-with IR 
filter

20%  CH3OH (hole 
scavenger) in  H2O

1000 after 2 h – 1999 Kakuta et al. [15]

2 Ag@AgCl deposited 
on Au coated FTO

UV–Vis light exposure In presence of  Ag+ 
ions

– 0.160 mol h−1 2002 SchKrch et al. [16]

3. 3D hierarchical super-
structures, concave 
cubes, and cubes of 
AgCl

300 W Xe arc lamp In presence of  Ag+ 
ions

– 254,000, 
187,000 and 
136,000 in 5 h

2012 Lou et al. [17]

4. Au/ZnAlCeLDH and 
Au/ZnAlLDH

Solar light exposure 20% methanol 127 and 94 – 2013 Carja et al. [26]

5. Ag/ZnONRs and 
ZnONRs

Xe light source 20% methanol 8.7 and 4.3 – 2013 Chen et al. [34]

6 Ag/AgCl/ZnO Xe light source 20% methanol 6082.9 (one pot) 
and 6782.32 
(microwave)

– 2019 Present work

Scheme 1  a Schematic representation of the overall water splitting phenomenon using Ag NPs embedded AgCl-ZnO NCs and b compara-
tive energy level diagram of nanocomposite device Ag@AgCl/ZnO with their respective band positions [20–22]
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as it schematically illustrated by the Scheme 1a and Energy 
diagram 1b. Therefore, we can say the nanocomposite Ag@
ZnO/AgCl, has the better compatibility for visible light har-
vesting and supression in the recombination rate of photo 
carriers. That will be ultimately enhanced the hydrogen 
generation efficiency of the device. In addition to above, 
to understand the nature of nanocomposite the advanced 
technical approaches were used to address the characteri-
zation of the device.

2  Experimental design, materials, 
and methods

2.1  Materials

All chemicals were used as-purchased (of make Sigma 
Aldrich) in synthesis and water splitting application with-
out further purification. These chemicals are: hexahy-
drated-zinc nitrate, sodium chloride, sodium hydroxide, 
and silver nitrate, terepthalic acid, etc.

2.2  Synthesis

2.2.1  Conventional method

Ag nanoparticles-supported ZnO/AgCl NCs were fabri-
cated by using one-pot refluxing method as described 
somewhere else [27]. In which, 5.22 g hexahydrated zinc 
nitrate and 2.11 g silver nitrate were mixed in 50 mL of 
deionised water (DIW) and stirred at room temperature 
and followed by the addition of aqueous NaOH (5 M) to 
adjust the pH of the solution 10. Here, NaOH with pH 10 
is act as a reducing agent because the hydroxyl ions of 
NaOH are capable of donating electrons to  AgNO3 and 
 ZnNO3.6H2O, results in their reduction in Ag and Zn. Dur-
ing the above reaction, NaCl act as a dielectric material 
in production of AgCl and ZnO. Therefore, above mixture 
was treated with 1.450 g NaCl in 20 mL of water. Then, the 
suspension was refluxed at 90 °C for 3 h. Resulting product 
was centrifuged and washed several times with DIW and 
ethanol and dried in an oven at 60 °C for 24 h.

2.2.2  Microwave method

Microwave synthesizer (CEM, model-Discover) was 
opted to prepare the AgNPs embedded ZnO/AgCl NCs 
with 0.383 mol fraction of silver chloride with respect 
to ZnO. A sundry of 5.220 g Zn(NO3)2.4H2O and 2.110 g 
 AgNO3, were made in 50 mL of deionised water (DIW) 
and stirred at room temperature. Thereafter the aque-
ous NaOH (5 M) was added in the solution to adjust the 

pH of the solution 10. Above solution was treated with 
1.450 g NaCl in 20 mL of water. Then, the suspension was 
heated in microwave at 90 °C for 7 min. Resulted product 
was centrifuged and washed several times with DIW and 
ethanol and dried in an oven at 60 °C for 24 h.

2.3  Characterization

Several techniques were used to characterize the nano-
composite Ag@AgCl/ZnO using technical tools such 
as: UV–Vis absorption spectroscopy, FE-SEM, energy 
dispersive X-rays (EDX), spectroflurometery, X-ray dif-
fraction (XRD), and FT-IR, etc. The crystalline nature of 
nanocomposite was characterized by XRD, using dif-
fractometer (PANalytical; Model: Xpert-Pro) of MNIT, 
Jaipur, well equipped with Ni-Kβ filter for  CuKα1 radia-
tion at 40 kV voltage and 30 mA current. Morphology of 
the sample was evaluated by using FESEM (JEOL; Model: 
JSM-6700F). The UV–Vis spectra were recorded with mul-
timode microplate reader (Lab India; Model:  3000+ with 
Diffuse Reflectance Spectroscopy) in the wavelength 
range between 200 and 800 nm. An FT-IR spectrum was 
recorded using spectrophotometer (Bruker; Model: Ten-
sor 27) available in our institute. Furthermore, photolu-
minescence emission (PLE) spectrum of the Ag@AgCl/
ZnO nanocomposite material was recorded by using 
spectrofluorimeter (Simandzu; Model: RF-5301) of our 
department.

2.4  Analysis of hydroxyl radical (·OH) 
in photocatalytic solution

The hydroxyl radicals (*OH) formed during the photo-illu-
mination of the samples/water interface, can be traced by 
the use of basic terephthalic acid (as a probe molecule) 
solution in the photoluminescence (PL) method using 
double beam spectrofluorimeter [23]. In this method, 
the hydroxylation of the terephthalic acid was taken 
place when it reacted with *OH radical that resulted in 
the product 2-hydroxyterephtalic acid (HTA) formation at 
the water/catalyst interface, which was exhibited by the 
PLE signal around 428 nm at the excitation wavelength 
of 315 nm. The intensity of the PLE peak of 2-hydroxytere-
phtalic acid is directly proportional to the amount of *OH 
radicals produced in the water. Under the experimental 
procedure 0.3 g of the sample was added to 110 mL of 
5 × 10−4 M terephthalic acid (pH = 10) that was prepared in 
aqueous 2 × 10−3 M NaOH [23]. Afterwards the solution was 
exposed to the 300 W Xe light source, by keeping the other 
experimental conditions same as used in measurement of 
photocatalytic water splitting activity. Spectrofluorimeter 
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(Simandzu; Model: RF-5301) of our institute was used to 
measure the PLE spectrum of the above mentioned solu-
tion at room temperature at different time interval.

2.5  Water splitting analysis

Photocatalytic  H2 evolution power testing of the as syn-
thesised nanocomposite was carried out in a 20% metha-
nolic (hole-scavenger) solution of Ag@AgCl/ZnO samples 
at RT. Where, 0.30 g of the Ag@AgCl/ZnO in an aqueous 
methanolic solution (160 mL  H2O and 40 mL  CH3OH) was 
suspended in a double walled reaction cell of Pyrex glass, 
equipped with a quartz window. Reaction cell was con-
nected to a closed gas circulation (Argon) of 1 atmosphere 
pressure to evacuate the solution several times up to the 
complete removal of the air from the reaction vessel and 
then system was irradiated by a light source (300 W Xe 
lamp) for the photocatalytic observations. The amount 
of  H2 evolved during the photocatalytic experiment, was 
monitored using gas chromatography that was equipped 
with a thermal conductivity detector (TCD, GC-8A, China 
gas chromatograph; and Ar as carrier gas).

3  Result

The phase purity of the Ag@AgCl/ZnO NC was tested 
using XRD profile, depicted in Fig. 1a, b. Diffraction pat-
terns of the studied samples are found at 27.942° (111), 
32.34° (200), 46.34° (220), 54.94° (311), 57.58° (222), 
67.54° (400), 74.76° (331) and 76.82° (420) attributed to 
the highly crystalline two prominent phases that corre-
sponds to the face-centered cubic (chlorargyrite) phase 
(reference JCPDS Card No. 31-1238) of the AgCl with 
their cell parameters [46]: a = b = c = 5.545 Å α = β = γ = 90° 
at z = 4, and space group Fm3m (225) and the FCC (zinc 
blende) crystalline phase (reference JCPDS Card No. 
80-0020; ZnS) of ZnO [47, 48] with their cell parameters: 

a = b = c = 5.345 Å, α = β = γ = 90° at z = 4 and space group 
F4-3m (216). The careful examination of diffraction peaks 
exhibits tiny peaks at 38.56° (111), 46.34° (200), 67.54° 
(220), 76.82° (311) position that belongs to the standard 
JCPDS Card No. 04-0783 of pure silver (cell constants 
a = b=c = 4.0857 Å, α = β=γ = 90° at z = 4 and space group 
Fm3m (225) [46] that also confirmed the presence of the 
small particles of silver and their size was calculated by 
using the Scherrer formula. Figure 1b represented the 
blue shift of enlarged peak of AgCl(420) and Ag(311) at 
76.68° for the nanocomposite Ag@AgCl/ZnO synthesized 
by one pot and microwave methods from their standard 
positions i.e. 77.50° and 77.66°, respectively.

The elemental composition of the nanocomposite 
was confirmed by respective EDX profile and FESEM 
elemental mapping, which is represented by Fig. 2a, d, 
e. No characteristic peaks for the elements other than 
Zn (27.08%; at  Kα = 8.63 keV;  Lα = 1.012 keV) Ag (39.98%; 
at  Lα = 2.984 keV), Cl (13.79%; at  Kα = 2.621 keV) and O 
(19% at  Kα = 0.525 keV) were found in the EDX profile 
of the Ag@AgCl/ZnO, as illustrated by the Fig. 2a. The 
actual concentration of oxygen can’t be determined pre-
cisely due to the presence of the oxygen in air. As per 
XRD analysis nanocomposite crsytalised in three phases 
i.e. ZnO, AgCl and Ag/Zn. Therefore, EDX suggested that 
nanocomposite consist of 19.15% ZnO, 13.79% AgCl, Ag 
(26.19%) and Zn (7.39%). Surface morphology and par-
ticle size of the nanocomposite was investigated by the 
FESEM images (Fig. 2b, c), as nanolotus shaped particle 
of size 45.08–60.77 nm (aggregation of particles) for the 
microwave synthesized sample and 50.87–79.19  nm 
sized spherical particles for the one plot synthesized 
sample of the nanocomposite Ag@AgCl/ZnO.

Figure 3a demonstrated the UV–Vis diffuse reflectance 
spectra [Kubelka–Munk function F(R) Vs wavelength] 
with peaks at 300.4 nm, 352.0 nm and a very weak and 
broad peak found between 407.9 and 700 nm. Splitting 
in first absorption peak is found due to the presence 

Fig. 1  Diffraction patterns of 
the nanocomposite Ag@AgCl/
ZnO, synthesized by one pot 
and microwave method. a The 
XRD peaks are exactly matched 
to those of the bulk FCC chlo-
rargyrite phase (JCPDS Card 
No. 31-1238) of the AgCl, cubic 
phase of Ag (JCPDS Card No. 
04-0783 of pure silver and FCC 
zinc blende crystalline phase 
(JCPDS Card No. 80-0020; ZnS) 
of ZnO. b Enlarge peaks of 
AgCl (420) and Ag (311) was 
observed at 76.68°
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of the two phases i.e. AgCl and ZnO. These three peaks 
in UV–Vis absorption spectrum was used to investi-
gate band gap of the nanocomposite Ag@AgCl/ZnO at 
300.40 nm (Eg

m = 3.56 eV and Eg
c = 3.62 eV), at 352.00 nm 

(Eg
c = 3.02 eV and Eg

m = 2.96 eV due to additional SURS of 
AgCl) and at 708.86 nm (Eg

m = 1.35 eV and Eg
c = 1.35 eV). 

Where, Eg
m and Eg

c, are band gap for microwave and con-
vention-method, respectively.

Photoluminescence emission (PLE) spectra of Ag@
AgCl/ZnO are revealed by Fig. 3b, c, which were taken 
for the samples prepared by one pot reflux- and micro-
wave assisted-methods, respectively. Figure 3b exhibited 

Fig. 2  Nanocomposite Ag@AgCl/ZnO with their corresponding a 
FESEM supported EDX showing elemental presence of Ag, Zn, O 
and Cl. b and c are FESEM images of nanocomposite, prepared by 

microwave route. FESEM elemental mapping of Ag, Cl, Zn and O 
elements in Ag@AgCl/ZnO for corresponding, d one pot (conven-
tional) and e microwave-assist synthesized nanocomposite
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Fig. 3  a UV–Vis diffuse reflectance spectra of the pre heated sam-
ple along with conventional- and microwave-prepared Ag@AgCl/
ZnO nanocomposites with first excitonic peak around 300.4  nm. 
b PLE spectra with maxima at �em
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= 250 nm of the sample prepared by one pot 
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prepare using microwave method (CIE plot represented in inset 
that exhibit the yellow emission)
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the excitation peak at the wavelength of 250 nm under 
the exposure of emission light of the wavelength 
�
em
max

= 502 nm and green light emission spectra was found 
at 502 nm under the excitation energy of wavelength 
�
ex
max

= 250 nm for one pot refluxed sample. Similarly, the 
strong PLE peak was observed for microwave assisted sam-
ple at 602 nm under the excitation energy of wavelength 
300 nm, as shown by the Fig. 3c.

Figure 4a illustrated the PLE spectra of the convention-
ally prepared sample to check the presence of *OH radical 
as a PLE signal of Soret-band at 428 nm and Q-bands at 
562.8 nm and 632.9 nm at the 315 nm excitation energy, 
under visible light irradiation [23].The PLE signal at 428 nm 
are the result of the reaction between *OH radical and 
terephthalic acid that produces HTA at the water/catalyst 

interface. The concentration of HTA increases with reac-
tion time (0 h, 1 h, 2 h, 3 h, 4 h, 5 h and 6 h) that reflected 
the increase in production of *OH radicals during the reac-
tion (Fig. 4a).

Molecular devices of Ag@AgCl/ZnO NC (prepared via 
one pot conventional and microwave method), produced 
hydrogen in 20% methanolic DIW, under visible light expo-
sure of 300 W Xe light. Amount of the released hydrogen, 
was significantly enhanced with increasing exposure time 
(i.e. 1, 2, 3, 4, 5, 6, 7 and 8 h) viz. 536.71 and 556.8, 1404.41 
and 1621.21, 2207.86 and 2325.37, 2835.26 and 3203.09, 
3554.11and 4053.44, 4359.24 and 4987.66, 5221.07 and 
5761.86, 6082.9 and 6782.32  μmol  H2  h−1  g−1, corre-
sponding to the conventional and microwave prepared 
nanocomposite samples under 300 W Xe light irradiation 

Fig. 4  a PLE spectra changes 
(Soret-band) at 428.0 nm 
wavelength with visible-light 
irradiation time for the Ag@
AgCl/ZnO (microwave) nano-
composite powder dispersed 
in alkaline terphallic acid 
solution and b Q-bands of PLE 
spectrum at 562.8 nm and 
6320.9 nm wavelength
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to the time (1 to 8 h) under 
300 W Xe light exposure. d The 
electron transfer mechanism 
for water splitting of nanocom-
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(Fig. 5a–c) at room temperature. Above used samples fur-
ther used for three time to check the reproducibility of the 
samples, that was found good for all studied samples with 
low decrease in photocatalytic activity (Fig. 5b, c).

4  Discussion

The XRD study confirms that the nanocomposite Ag@
AgCl/ZnO crystallized in their three major phases i.e. 
AgCl, Ag and ZnO. The particle size of these nanocom-
posites, prepared by one pot conventional and micro-
wave synthesis was determined using Scherrer formula 
viz. 57.72  nm, and 59.12  nm, respectively with their 
corresponding lattice strain 0.0022 and 0.0023. Lattice 
strain associated with the dislocations in crystal struc-
ture could either be caused a crystallographic defects or 
irregularity in lattice arrangement due the presence of 
three different phases [49]. These topological defects can 
be highly influenced by the material’s native properties. 
The X-ray diffraction profiles can also be used in deter-
mination of the dislocation density (δ) for the samples 
using following expression given in Eq. (8) [48]:

where dislocation density [� = 3.8019 × 1013 m−2(one pot)

and 3.9100 × 1013 m−2(microwave)] is calculated from 
broadening of diffraction peak i.e. Full width at its half of 
maximum intensity � (in radian), Bragg’s diffraction angle θ 
(in degree), lattice constant a (in nm) and particle size D (in 
nm). Higher strain and delocalization density of the micro-
wave synthesized sample than conventionally prepared 
sample is associated with higher number of active sites on 
the large molecular surface area due to lotus shape of the 
particle. The presence of Zn in Ag lattice is also confirmed 
from blue shift that observed for Ag XRD peaks due to 
addition of low weighted element Zn, as shown in Fig. 1b.

EDX profile corresponds to the Fig. 2a used to confirm 
the presence of 20.65/19.00% ZnO, 12.98/13.79% AgCl, 
4.73/8.08% Zn and 28.01/26.19% Ag in the NCs (one pot 
reflux-/microwave-method %). FESEM elemental map-
ping are shown in Fig. 2d, e, predicted that the nano-
particles Ag/Zn (nanoparticles of size 30–40 nm)-loaded 
AgCl were well dispersed on ZnO surface. Above results 
also revealed that in compare to the six petal-lotus like 
artifacts of the microwaved sample, the conventionally 
prepared samples had more homogeneously dispersed 
elements as illustrated by the Fig. 2d, e.

Intense UV–Vis absorption peak around 300.40 nm 
(Fig. 3a) appeared due to the ligand metal charge trans-
fer (LMCT) π → σ* electron transition (the charge transfer 
of excitons from the VB to CB) in the host material. The 

(8)� =
15�Cos�

4aD

broad and small peak at 352.00 nm comes into view due 
to the d–d transition of Ag NPs, which were deposited on 
AgCl/ZnO surface [50]. Vigilant inspection of the spectra 
speculated a broad and weak plateau between 407.9 and 
700 nm, also attributed to the d–d orbital interactions of 
Ag/Zn nanoparticles. The ability of visible light absorp-
tion for final nanocomposites was drastically enhanced 
due to the surface plasmonic resonance (SPR) effect of 
Ag/Zn NPs that associated with the AgCl surface. This 
combination (Ag@AgCl) prompts the self-sensitization of 
AgCl that result in additional CB levels [21]. Ag levels are 
located just below the conduction band edge of AgCl, 
can develop additional AgCl surface states (SURS), as 
well as metal induced gap states (MIGS) from Ag@ AgCl 
composites that present in the band gap region of silver 
chloride and their presence induce the self-sensitization 
phenomenon in AgCl (Scheme 1b) [20].

The Fermi levels of ZnO/AgCl and Ag NPs are the same 
in absence of the visible light exposure. But under the vis-
ible light irradiation, ZnO and AgCl cannot be excited in 
nanocomposite Ag@ AgCl/ZnO due to its wide band gap 
therefore their Fermi level remains unchanged. In con-
trast, plasmonic Ag NPs absorbs visible light because of 
its SPR absorption, results in the up shift of Fermi level of 
Ag NPs and produces additional SURS at band gap of AgCl 
that facilitate the photoexcited electrons of the AgCl to 
be easily injected into the conduction band of ZnO [51]. 
These injected electrons can reacted with the adsorbed 
 O2 on surface to produce the superoxide radical anions 
 (O−2*) [52], which is converted into HOO* radicals and 
finally, result in  H2O2 on protonation. In alkaline medium 
under light irradiation,  H2O2 converted into *OH radicals, 
which can participation in the water splitting. Excitation 
and emission (PLE) spectra of sample produced by one 
pot reflux- and microwave methods, corresponded to the 
Fig. 3b, c, respectively. Inset of Fig. 3c, exhibit the Com-
mission Internationale de l’Eclairage (CIE) plot of the Ag@
AgCl/ZnO (microwave) that confirms the material emits 
yellow light. The change in preparation method result 
in shifting of PLE peak from 502 to 602 nm, attributed 
to the high concentration of the delocalized defects in 
microwave-prepared sample ( δ = 3.9100 × 1013 m−2 ) 
than the conventionally (one pot)—prepared sample 
( δ = 3.8019 × 1013 m−2 ). Moreover, the photolumines-
cence phenomena associated with the degree of deviation 
from the two competing effects i.e. lattice and local coor-
dination effects. The large deviation found for the micro-
wave synthesized sample. Therefore, microwave synthe-
sized samples are more prone to possess more delocalized 
defects. Green emission (Fig. 3b) of conventionally pre-
pared samples are associated with oxygen deficiency due 
to a transition between neutral and singly ionized oxygen 
vacancy [53]. Microwave assisted samples exhibits strong 
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and broad yellow defect emission peak (Fig. 3c) due to the 
surface defects [54], and contributed the yellow emission.

The concentration of *OH radicals on the surface of the 
catalyst measured under visible-light exposure in alkaline 
terephthalic acid solution (initial pH = 10.5) by photolumi-
nescence method [23, 55, 56]. In basic terephalate solu-
tion, the Q-bands further split into two bands owing to 
vibrational excitations due to transition from ground state 
to two vibrational states of the excited state [Q(0,0) and 
Q(1,0)] [32]. These transitions can be visualized in the form 
of Soret band and Q-bands in fluorescence spectra, which 
was the result of the chemical reactions between basic 
terephthalic acid and *OH formed during photocatalytic 
reactions [57]. Figure 4a exhibited the gradual increase in 
PLE intensity at 428 nm wavelength with increasing irra-
diation exposure time, associated with the Soret-band  (S0 
to  S2 transition) due conversion of terephthalic acid into 
HTA (Eq. 9). The molar absorption coefficient for the Soret-
band is 155–500 M−1 cm−1 [55].

Other PLE peaks found at 562.8  nm and 632.9  nm, 
belongs to the Q-bands  (S0 to  S1 transition) [55, 56]. Fur-
thermore, experiments show that no PL signals for the 
Ag@AgCl/ZnO NC impregnated basic terephthallic acid 
solution in dark (0 h-PLE curve of Fig. 4a) that result in 
no production of −OH* radicals because pure molecular 
device is activated by visible light (as discussed above). 
The production of −OH* radical not only indicated by the 
decreases in pH of solution from 10.5 to 8.14 with reaction 
time but also from the raise in a absorption maximum for 
PLE peak at 428 nm (Soret-band) with increasing time.

The pure water has inefficient energy to decompose 
all alone but presence of photocatalyst promote this 
decomposition. Therefore, the study focused on hydro-
gen production by photocatalytic water splitting using 
semiconductor NC i.e. Ag/Zn@AgCl/ZnO under light 
exposure. Minimum four electrons required to stimulate 
the multistep-water reduction and oxidation reactions 
of overall water splitting process for  H2 and  O2 produc-
tion, respectively. The sacrificial molecules (20% metha-
nol in this case) act as an electron donor/hole-acceptor 
to enhance the efficiency of the  H2 production by con-
suming the holes and suppress the oxygen production. 

(9)
Terephthalic acid + hydroxyl radical → 2 - hydroxy

Terephthalic acid

Various organic compounds such as alcohols, carboxylic 
acids, and hydrocarbons, etc., can act as an efficient hole-
scavengers (or electron donors) for the photocatalytic  H2 
generation. Here, we used methanol as sacrificial electron 
donor that significantly suppress the charge carrier-recom-
bination process, and enhance the hydrogen gas produc-
tion by avoiding a subsequent gaseous product  (H2 and 
 O2) separation stage. Accumulative all process, leads to 
increase the overall  H2 yield. It irreversibly encountered 
the photo-generated holes to enhance the photocatalytic 
electron/hole-separation efficiency and give rise to high 
quantum yields for hydrogen generation [58].

Therefore, photocatalytic water splitting experiments 
was performed for the hydrogen generation from the 
molecular nanocomposite Ag@AgCl/ZnO that well dis-
persed in 20% aqueous methanol scavenger at pH = 7, 
under 1.5  AM G light irradiation as demonstrated by 
Fig. 5a–c. The hydrogen generation from water in presence 
of nanocomposite Ag@AgCl/ZnO might follow the below 
mentioned reaction mechanism, expressed by Eqs. (10) to 
(18) [57, 58]:

Generation of hydrogen

Consumption of h+ using CH3OH

The first two reactions (Eqs. 10 and 11) devoted to 
increase the concentration of photoelectrons on sur-
face of molecular device, for favoring the reduction 
of water in presence of the sunlight and catalyst. The 
reactions (Eqs. 12, 14, 16–18), involve in generation of 
free radicals H*/*OH and the formation of the  H2 gas/

(10)
Ag@AgCl

Visible light
− −− −− −− −−−⟶ (CV )e− + (VB)h+

(

photocarriers
(

e−∕h+
)

generation
)

(11)
Ag@AgCl(CV )e− → ZnO(CV )e− (transfer of photoelectron)

(12)
ZnO(CV )e− + H2O → H∗ + OH−

(

generation of free radical H∗
)

[59]

(13)h+ + OH−
→ OH∗ (generation of free radical OH∗)

(14)H∗ + H∗
→ H2(0.00 eV)

(

generation of H2

)

(15)
ZnO or AgCl(VB)h+ + CH3OH → CH2OH

∗ + H+(− 0.1264 eV)[60]

(16)
CH2OH

∗ + OH∗
→ HOCH2OH

∗
→ HCHO + H2O(− 3.848 eV)

(17)
CH2OH

∗ + O → OCH2OH
∗
→ HCHO + OH∗(− 3.18 eV)

(18)
CH2OH

∗ + O → OCH2OH
∗
→ HCOOH + H∗(− 4.125 eV)
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HCHO, respectively. These conversion reactions had a 
large negative Gibbs energy, thus it intrinsically pro-
vides a barrier for the undesired reverse consumption 
of the  H2. Furthermore, two possible mechanisms are 
proposed for photocatalytic oxidation of methanol: 
(1) the direct oxidation by photogenerated holes and 
(2) the indirect oxidation via interfacial *OH radicals 
[59]. To distinguish the two mechanisms in practice is 
still a challenge due to the lack of suitable probe tech-
niques. In present case, it follows the indirect oxida-
tion via interfacial *OH radicals mechanism that stud-
ied by spectroflurimetry. Therefore, the experiments 
hydroxyl ions converted into hydroxyl radicals under 
the light exposure, which degrade the methanol and 
result in production of HCHO or HCOOH, as shown by 
Eqs. (15)–(18). Finally, the hydrogen produce through 
photocatalytic hassle-free reduction of the water. It 
was found that no detectable amount of hydrogen 
production was observed even after the 72 h exposure 
of water with or without catalyst in dark. The  H2 genera-
tion capacity of catalyst was continuously estimated 
for 20% methanol solution in an argon atmosphere via 
gas chromatograph [Agilent, TCD (8A column); model: 
2780]. Close examination of the spectra told us micro-
wave synthesized samples are more active than con-
ventionally prepared sample.

Gradual increase in hydrogen evolution with time 
was observed as: from 536.71 to 6082.9 μmol  H2 h−1 g−1 
(conventional) and from 556.8 to 6782.32 μmol  H2 h−1 g−1 
(Microwave) under irradiation of 300 W Xe light source. 
These experimentally observed rate of hydrogen evolu-
tion are in good agreement with state of art nanocom-
posite Ag/AgBr/TiO2 that releases 1.00 μmol  H2 h−1 g−1 
after 2 h, under the irradiation of 100 W high-pressure Hg 
lamp-with IR filter [61]. Catalytic activity of the nanocom-
posite Ag@AgCl/ZnO was rejuvenated during the photo-
catalysis process, as it expressed by Eqs. (1) to (7) [18, 19]. 
After photocatalytic activity of  H2 production-measured, 
the catalyst (pinkish grey) was thoroughly washed with 
distilled water and reused after drying at 80 °C for 12 h. 
It was found that there is no significant lost in catalytic 
activity even after three time use as shown in Fig. 5b, c. 
Above UV–Vis absorption spectra, spectroflurometric and 
photocatalytic study gives us sufficient evidence to the 
electron transfer mechanism of the photocatalytic water 
splitting for the  H2 production process, which is well illus-
trated by the Fig. 5d. When the light falls upon the surface 
of the NC Ag@AgCl/ZnO then electron of VB jumped over 
to the CB. Additional CB layers (SURS) of AgCl required 
less energy for electron transfer from VB to CB than pris-
tine AgCl. Moreover, this electronic transformation was 
induced by visible light whether the individual transition 
in AgCl or ZnO, was exposed to light. Finally, the electrons 

transferred to CB of ZnO though SURS of Ag@AgCl. Where, 
this photoelectron reduces the water to liberate  H2 and 
holes consumed to generate HCHO or HCOOH by oxida-
tion of  CH3OH.

5  Conclusion

We explored nanocomposite Ag@AgCl/ZnO NC as a smart 
material (fabricated by two ways i.e. Microwave and con-
ventional) that can be utilized as a photocatalyst for 
hydrogen generation through water splitting under vis-
ible light exposure. The molecular device exhibits good 
activity towards photocatalytic hydrogen generation 
among the state of art photocatalyst of the same class. 
Moreover, it was established for the molecular device that 
the photoelectrons generated during the light irradiation 
was used to reduce water for better hydrogen production 
and photo-holes reacted with  OH− to form *OH radicals, 
which used as a scavenger to degrade the methanol into 
HCHO or HCOOH. Furthermore, the advancement in the 
molecular device is in progress by replacing halides with 
other anions and other plasmonic materials in nanocom-
posite Ag@AgX/ZnO (X = halide).
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